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ABSTRACT

This thesis presents an analysis of the flow characteristics
through a water pressure regulator.
Characteristic curves of the relationship between pressure
drop through the regulator and flow through the regulator are
developed.

To further analyze these relationships, a least squares

computer analysis was used to develop equations to fit these curves.
An investigation into the modes of dissipating pressure energy in
this type of regulator tends to indicate that a significant portion
of the energy is lost through viscous shearing action in the area
of high turbulence.

The aforementioned characteristic curves also

showed definite critical pressure points in the form of a leveling off portion of the higher end of each curve.

A limiting pres-

sure drop was reached for each setting of the seat opening.

An

equation which can be used to predict this critical pressure point
for any seat opening is developed in this thesis.
Characteristic pressure profiles across the circular regulator
seat are also developed in this thesis.

The investigation of

these curves shows that as the flow contracts across the seat, the
pressure reduces to a value of the preset downstream pressure.

The

lowest pressure across the seat is seen to be dependent only on the
value of the preset downstream pressure.
A development of the response characteristics of this type
of regulator indicates that a linear relationship exists between
seat opening and flow.
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INTRODUCTION

A regulator is a valve which will, within its own structure,
sense a change in pressure, and will open or close in an effort
to hold a constant set condition.

The downstream pressure, which

is generally the controlled variable, acts directly on a diaphragm
which is the controlling means of the system.

The diaphragm controls

the action of a regulator by directly controlling the seat opening,
which in turn controls the downstream pressure.

To accomplish this,

the diaphragm is held in place usually by a spring, but can he
held by any type of mechanical or pressure loading.

This loading

counteracts the downstream pressure which acts on the opposite
side of the diaphragm.

This serves as a means of setting the

value of downstream pressure at any desired pressure by merely
changing the value of the counteracting loading.

The diaphragm

is connected to the seat shown in Figure 1, and alters the scat
opening with corresponding changes of downstream pressure.

An

increase of inlet pressure causes an increase of downstream pressure which acts on the diaphragm area vJhich in turn tends tn close
the seat opening to accomplish keeping downstream pressure at its
set value.
Basically, all pressure regulators act similarly.
two differences in basic regulator design.

These arc:

There arc
variations

in the method of loading the diaphr,1gm to set the regulator ''p<.:ration. and variations in the manner in which the regulator restricts
flow with the seat opening.

Counteracting loading can be accomplished

with pneumatic loading, with dead weight loading, with spring
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loading, or with pilot loading.

Pilot loading is essentially

pressure loading in which a certain "pilot" pressure, separate
from the regulator pressures, is fed in over the diaphragm to act
as a means of counteracting loading.
extensively.

Seat opening designs vary

Any design which accomplishes a varying orifice

controlled by a diaphragm can be used.

The type of regulator

simulated in this research accomplishes orifice change by changing the seat opening (h), as shown in Figure 1.
The use of water pressure regulators has been confined, for
the most part, to city water systems.

A regulator is a device

that will control and reduce a high water main pressure to a
reasonable value for household supply.

Although the majority of

water pressure regulators are found in city water systems, the
use of this pressure reducing device can be applied to any flow
system where it would be desirable to throttle a high pressure
to some low constant value.

Gas pressure regulators which are

similar in design and operation to water pressure regulators are
used in practically all gas systems to control pressure.
The field of water pressure regulation has grown in importance with the advance of the complex control systems and processes
of modern industry.

Utility companies are also demanding better

regulators on their water systems which service the ever expanding
suburban areas.

Realizing this increased demand, the manufacturers

of water distribution products are initiating new research into
the areas of water pressure regulation.
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As a part of their research effort along these lines, Mueller
Company of Decatur, Illinois suggested to the author an investigation of a few of the parameters important to proper regulation of
water pressure.

They submitted the problem of determining the

water pressure relationships across a seat, as shown in Figure 1.
They stated an interest in finding the limiting differential pressure (point where pressure drop remains constant with increasing
flow) and flow for several seat openings, or any other change in
relationship which might occur between the various pressures and
various flows.

Tests were suggested to be made in the low range

area of regulation, that is, 0 to 250 psig and 0 to 10 gpm.
The research reported herein was directed towards making the
investigations suggested above.
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REVIEW OF LITERATURE

Water pressure regulation is a field which is expanding to
meet the demands of industry and the utility companies.

Because

of the competition in this field, information with regard to
engineering design and performance characteristics rarely appear
in technical literature.

All such information is generally

patented and is held in confidence by regulator manufacturers.
The major energy converting action of a regulator is expected
to be the conversion of pressure flow energy to kinetic energy as
water passes through the restricted area of flow.

According to

Prandtl and Tietjens (7) the basic equation relating flow and
pressure drop for the incompressible flow of water through a
restriction or orifice is:

where

Q
K

= flow rate through restriction

constant for particular restriction and fluid

A = cross-sectional area of restriction
P

pressure drop across restriction.

It is known that dissipation of flow energy can be accomplished
in various other ways in an actual regulator.

Rouse (8) claims

that in areas of high turbulence flow energy is dissipated through
viscous action.

Beard (1) and Caddell (3) state that pressure

drop relations are composed of a number of effects, among these
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are:

restricted flow effects, turbulent effects, expansion and

contraction of the fluid stream effects, and friction losses.
According to Beard and Marten (2) the range of regulation for
the type of regulator simulated, Figure 1, ranges from h
h

=

=

0 to

d/4, where d is the diameter of the inlet pipe (stem) and

h is the seat opening.

At the position h

=

d/4 no restriction of

flow is present; therefore, it is predicted that no regulation or
pressure reduction is realized.
area of inlet stem

=

For no restriction of flow:
area of cylindrical orifice

or

d2
7r - - = 7rdh
4

so,

h

d/4

for equal area and zero regulation.
In the early 1950's investigations were completed on the
design of a water pressure regulator by the engineering research
staff of Mueller Company.

During the design procedure, certain

characteristic phenomena were noticed.

At certain low values of

flow, Mueller engineers noticed an unexpected leveling off point
in some of their characteristic curves of pressure drop versus
flow.

This phenomenon was not investigated throughly because

at that time it did not seem to be important enough to warrant
research effort.
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Mueller engineers also predicted that as the inlet pressure
was increased, the pressure on the seat reduced nearly to zero at
points of maximum contraction.

Maximum contraction occurs on the

periphery of the circular seat after the flow has passed through
the cylindrical orifice, Figure 1.

Mueller engineers did not

investigate this phenomenon thoroughly, but it did seem that the
pressure at this point did remain close to zero throughout the
range of regulation.
By simulating the actual regulator action, the phenomena
mentioned in this section were analyzed.
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EQUIPMENT DESIGN
To accomplish a fruitful investigation of the flow characteristics present in a low range water pressure regulator, a good
simulation of an actual regulator, along with a well designed test
facility was necessary.

The four general requirements of the test

facility were:
1.

Inlet pressure had to have a variable range of 0 to 250
psig, while flow had to have a variable range of 0 to
10 gpm.

2.

The facility had to be designed to maintain downstream
pressure constant at some low value, while inlet pressure and flow could be varied.

3.

The regulator simulation was required to have a variable
seat opening which could be set accurately for each run
at any desirable position.

4.

The entire system had to be designed to withstand pressures up to 250 psig.

The basic components of the regulator test facility were the
simulated regulator body, the flow system, and the instrumentation.
A description and discussion of each of these components follows.

Simulated Regulator Body - The simulated regulator body is as
shown in Figure 2.

The two most important design requirements of

this part of the system were a device to facilitate the varying of
the seat opening and an enclosure to withstand 250 psig pressure.
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Figure 2
Regulator Setup

To accomplish a better investigation of the flow across the
seat area, the regulator body was constructed of a transparent
plex i g las material known chemically as methyl methacrylic.

This

material has a fair l y high strength along with a high degree of
clarity and a low refract ive index.

The disa dvantages of this

material are its high creep r ate and its brittleness .

To
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Figure 3
Simulated Regulator
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compensate for the tendency of methyl methacrylic to creep under
load, an allowable design stress of only 500 psig was used.

Using

this design stress, a wall thickness of 3/4 inch was used to withstand the pressures of the system.

Considering the brittle nature

of methyl methacrylic, all internal sharp corners and notches
in the design of the transparent body had to be avoided to eliminate
high stress concentration points.

A very light abrasive, levigated

alumina, was used to polish all machined surfaces to aid in visibility.
A 3/8 inch thick yellow brass plate was chosen as a top cover
plate for the plexiglas regulator body.
machined as part of this top plate.
off at h

=

To accomplish complete shut-

0, the center of the seat was bored out and filled with

a softer material.
regulators.

The circular seat was

Hard rubber inserts are usually used in actual

To permit proper pressure tapping in this area, soft

solder was used in place of hard rubber.

Filling this area with

soft solder accomplished good adherence to the brass plate, leaving
no air gaps in the union of the metals, and also accomplished a
smooth seat face which prevented disruption of the boundary layer
as the high velocity flow impinged on the seat.

Pressure tapping

through the soft solder was made easily and accurately.
The varying of the seat opening was accomplished as shown in
Figure 3.

The inlet stem was machined of aluminum.

Eighteen

threads per inch were used in the union of valve stem and regulator
body.

Thus, one complete revolution of the stem advanced the
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stem 1/18 of an inch.

Attaching a pointer to the stem and placing

a stationary graduated plate beneath served as the means of controlling and setting any desirable seat opening.

The seal between the

aluminum stem and the plexiglas body was accomplished by using the
0-ring with pressure cap method shown in Figure 3.

This design

permitted free rotation of the stem as it sealed against leakage.
The necessary rotation of the stem also required the use of a
flexible ell-joint also shown in the figure.

Flow System - The flow system is as shown schematically in
Figure 4.

The basic requirement of this part of the system was

to deliver variable rates of flow at different pressures.

The

flow requirements were met by a rotary nylon roller pump rated at
16 gpm and 300 psig at a maximum speed of 600 rpm.

An AC single

phase induction motor rated at 2 horsepower and 1750 rpm was
selected to drive the pump.
Since this type of motor ran at a constant speed, a pulley
drive system was designed to achieve a constant pump speed of 600
rpm.

The pump, therefore, ran at its maximum output of 16 gpm and

300 psig.

To accomplish varying flows and pressures, a relief line,

which bypassed the regulator body, was installed.

Valves placed

as shown in Figure 4 on the inlet and outlet lines of the regulator
and on the relief line achieved the proper control of flow and
pressure through the simulated regulator body.
Directly after the pump, a surge tank, three feet in height
and six inches in diameter, was installed.

This surge tank with

its air chamber served to damp out sudden changes in pump output

~Outlet

Regulator
Inlet Valve)_

"

•

Valve

/Flowmeter
1
I I
r
1
1_

~

,.

-

!
.

.J.'
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..

Relief Line

~

..-----

Supply
Tank

-

rL
,

Surge Tank

~

.·h

Pump

kTJ
....
.._.

t~Strainer
Suction Line Valve

L--...-J

Figure 4
Flow System
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w
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and absorb sudden shocks present during operation.

To prevent

marring the nylon rollers, by getting foreign matter or abrasives
into the pump, it was necessary to place a water strainer in the
suction line.
Since the flow was recirculated, a 50 gallon steel drum served
as the water supply for this facility.

Three-fourths inch high-

strength steel pipe and fittings were used throughout the system.

Instrumentation - The following instrumentation was provided
to aid in the analysis of this problem.
importance in this analysis.

Seven pressures were of

These points of pressure measurement

were located as shown in Figure 3.

Pressure taps P 1 , Pa, Pb, Pc,

and Pd were located as shown to yield a characteristic pressure
distribution across the seat.

(P 1 - P 3 ) was the pressure drop

across the seat, while P4 was the final outlet pressure which was
held constant throughout the experimental tests.
were read on bourdon tube pressure gages.

All pressures

Since pressure readings

varied between 0 and 250 psig, a series of two or three gages with
appropriate ranges of pressure was used to accomplish more accurate
readings.

The selection of the proper gage for a certain range

was accomplished by the use of valves and bypasses in the 1/4 inch
copper tubing lead lines that connected the gages to the pressure
taps.

All gages were calibrated by the use of an Ashcroft Dead

Weight Tester.
Pressure taps were made at the points indicated in Figure 3
to specifications listed in Perry's Chemical Engineering Handbook (5).
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Perry specified that to avoid cross eddies and accomplish accurate
pressure readings, pressure tap holes should be drilled exactly
perpendicular and the ratio of wall thickness to tap diameter
should be kept above a limit of two.

To meet this specification,

all pressure taps were designed to a diameter of 1/16 inch.

Con-

nections between pressure taps and copper tubing lead lines were
made by countersinking the tubing slightly at the point of the
pressure tap and bonding the joint with epoxy.
To measure flow through the regulator body, an orifice type
flowmeter was installed along with a 36 inch well-type mercury
manometer.

Since the orifice used was of unknown size and coeffi-

cient, a calibration was made as shown in the appendix.

This flow-

metering system had a range of 0 to 12.5 gpm.

Summary - The equipment setup was designed to yield the most
advantageous analysis of this problem.

The simulated regulator

body provided a means of varying seat opening accurately, while
it permitted visibility of actual flow across the seat.

The flow

system met the requirements of pressure and flow needed for a proper
analysis of the characteristics of this type of regulator.

Instru-

mentation used in this test facility consisted of bourdon tube
pressure gages and an orifice type flowmeter.
The overall construction of this test facility was developed
with existing material, equipment, and instruments of the Mechanical
Engineering Department.

The company who made the primary suggestion

of this thesis subject donated the nylon roller pump along with
the plexiglas material for the regulator body.

16

Figure 5
Overall Equipment Setup
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EXPERIMENTAL PROCEDURE AND RESULTS

To carry out the research of this thesis, a definite test
procedure was performed.

The relationship of pressure drop through

the regulator to flow through the regulator was the most important
characteristic to be found.

This relationship was to be found for

a series of specific seat openings while a constant downstream
pressure was maintained.

A run consisted of setting the seat open-

ing (h) at a constant value and varying the inlet pressure (P 1 )
while the downstream pressure (P4 ) was held constant at 20 psig.
As inlet pressure was varied, readings of pressure drop (P 1 - P 3 )
and flow rate were recorded.

All readings were taken after an

ample time delay to permit stabilization of the system.

This

procedure was carried out for a series of set seat openings
through the range of regulation.
This procedure yielded a definite series of characteristic
curves of pressure drop versus flow for the type of regulator simulated.

The curves appear to have the general shape that is

expected for flow through a restriction, as it is determined by
Prandtl and Tietjens.

The limiting differential pressure was

found in each of the relationships.

This appears as a definite

plateau at the higher end of each curve.
The second test procedure was aimed at obtaining a pressure
profile across the regulator seat.

While downstream pressure and

seat opening were again set, inlet pressure was varied through
its range.

Reading the pressures across the seat for each
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specific inlet pressure yielded a series of pressure profiles.
It was noticed that at all points along the seat where pressure
taps were located, the pressure did not, within accuracy, go below
the set value of downstream pressure.

To further investigate

the dependence of the pressure across the seat on downstream pressure, pressure profiles across the seat for a series of different
downstream pressure settings were made.

Again, the lowest value

of pressure on the seat was found to be equal to the set downstream
pressure.
As a supplement to this analysis, a determination of the
characteristics of the seat were carried out.

Each method of

accomplishing a variable seat opening in a pressure regulator has
a particular characteristic response, which is known as its seat
characteristic.

Seat characteristics are usually expressed as

a plot of percent of maximum flow versus percent of maximum seat
opening.

Seat characteristics are of interest since they are a

basic parameter used in regulator design.

Recording the flow

through the regulator for each corresponding seat opening, while
no alterations were made on pressure settings, gained sufficient
data to plot a curve of the response of the flow to changes in the
seat opening.
A more complete presentation of the results of this analysis
follows in the next section of this thesis.
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DISCUSSION AND ANALYSIS OF RESULTS

The experimental results yielded definite characteristics of
this type of regulator.

The characteristic curves of pressure

drop versus flow through the regulator are shown graphically in
Figure 6.

As was stated earlier, it is expected that the rela-

tionship between flow and pressure drop through this device should
be basically in the form:

Q =KA~
or,

This equation predicts that pressure drop should vary with
the squared value of flow rate for each set seat opening.

If the

leveling off portion in the curves above 10 gpm is disregarded,
the remaining portion of the curve does appear parabolic as the
theoretical relationship predicts.

It is necessary to assume

that all curves pass through the zero point of the graph to compare the experimental curves to a parabola.

This is a valid

assumption, since it is known that pressure drop has to be zero
for zero flow.
Stating that the curves plotted appear to follow the theoretical relationship suggested was considered insufficient in this
analysis.

As a further investigation, a digital computer analysis

of the experimental data was performed.

The method of least squares
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was used to obtain relationships for each set seat opening.

Dis-

regarding values of flow over 10 gpm, the curve fit for each relation
analyzed

yielded an average Root Mean Square deviation of less

than one, which is well within the accuracy of the input data.
Excluding flow rate terms with exponents larger than two, the
least squares analysis prints out its results in the form:

It was expected that the print out would be in the form:

6P

In other words, the A0 and A1 constants were expected to be
negligible, and the A 2 constant was expected to have a value near:

since

Knowing that:

A = 7T dh,

where d equals diameter of cylindrical orifice, a definite comparison of theoretical to experimental results could have been
made.

In this manner, an orifice coefficient could have been
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found for each set value of seat opening.
The results of the computer analysis did not yield the
relationships expected.

Table I is a list of the printed out

equations for each curve of constant seat opening.

As can be

seen, the A0 term is negligible within the accuracy of this test,
however, the A 1 term cannot be neglected.
seat opening, a linear Q term exists.

For all values of the

In fact, at higher seat

openings, which means larger escape areas, the pressure change
depends heavily on this linear Q term.

TABLE I
Characteristic Equations Resulting From Computer Analysis

For h
For h

=

For h
For h
For h
For h
For h

For h

.6.P

.0125:

.6.P =
.389634
.6.P = -1.55234
.6.P
.124248

.015:

=
=
=
=

For h
For h

.01:

.02:
.03:
. 04:
. 05:
.06:

=
=

.07:
.08:

2.30575

+
+
+
+
+

2.15054Q
2.43816Q
2.11735Q
1.16651Q

.6.P = 1.34395
.503621Q
.6.P =
.545543
1.03726Q
.6.P =
.273454 + .486250Q
.6.P
.124277 + .475065Q
.6.P =
.6.P

.239887
.091141

+
+

. 5577 58Q
.305661Q

+
+
+
+
+
+
+
+
+
+

1.57229Q 2
1.14489Q 2
.842334Q 2
.487502Q 2
.307295Q 2
.308152Q 2
.069338Q 2
.036837Q 2
.003179Q 2
.Oll747Q 2

Since the inconsistency of the higher portion of the curves
had to be omitted, the analysis was made only over an interval of the
complete range of the relationship that was expected.

The lower por-

tion of the curve was also absent in the analysis since no low range
data points could be taken.

The zero point was included in the input

data to the computer since the curve is known to pass through this
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point.

The theoretical equation would be represented graphically

as a parabola with both sides of the relationship extending to an
infinite pressure drop for some value of flow.

Only a portion of

this relationship is represented by the curves plotted, therefore,
one cannot expect an exact comparison of experimental to theoretical
relationship.

Even though this is true, the basic form of the

equation printed out should approach the expected form
over the interval analyzed, if the flow through the regulator simulator follows the theoretic equation suggested.
This computer analysis indicates that flow through an orifice
at a tube end that impinges on a plate does not follow basic
orifice flow relations.

No apparent error was found in the test

procedure or computer analysis, so it is assumed that some other
phenomenon

inherent to this particular type of regulator exists

to cause pressure drop.
The computer analysis indicates that the flow energy is dissipated in this type of regulator, not only by restricting the
flow, but also by some other major actions.

Since the test made

on this regulator simulator was not intended to give a complete
analysis of energy dissipation, the author can only predict how
this energy is converted.

The data indicates total energy dis-

sipated and does not attempt to measure specific modes of dissipation.
As was stated earlier, energy is dissipated in a number of
ways in a pressure regulator.

Among these are:

restricted flow

losses, turbulent losses, expansion and contraction losses, and
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friction losses.

The energy that is dissipated by friction and

the sudden expansions and contractions of flow through the regulator are generally small and are assumed to be negligible.

Restricted

flow losses generally should appear in the relationship of pressure
drop to flow as a squared flow term as was developed by Rouse (8).
Rouse develops this relationship by equating energies across
the restriction while making proper assumptions.

An energy balance

on a pound mass of fluid for one-dimensional flow through any
system is found to be:

u1 2

or,

where

Change in the kinetic energy through the system

Change in the potential energy through the system

=
W0

F

Change in the flow work through the system

Energy added from external source

=

Work done by the system.
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For a streamline in ideal flow with no elevation changes and with
F and W

0

zero the remaining terms in the energy balance constitute

Bernoulli's equation:

u 2

u 2
1
2g

2

c

Combining this equation with the continuity equation:

and making the assumptions that flow is ideal and incompressible
and inlet velocity is negligible yields the final relationship:

Q

I<h.(EP,

or

where K is a constant which evolves during the development and
depends on the particular restriction the equation is developed
for.
The energy balance across a general restriction indicates
no linear

Q term in the equation developed.

If it were possible

to equate the actual energies across the regulator seat, it is
thought that a more significant relationship would develop that
would compare to the experimentally developed equations.
It is thought that the high degree of turbulence prevalent
in the flow in this regulator caused a portion of the energy to

26

be dissipated.

The dissipation of energy through viscous action

is present in any area of viscous flow where deformation of the
liquid vane is present.
Such deformation can take place only if energy of flow is
expended in doing work, in other words, such a process will
involve a continuous transformation of mechanical energy to heat.
The time rate of doing work is equal to the product of the force
and the velocity at the point of application.

Since the velocity

at a point is directly related to the flow rate by merit of the
law of continuity, it is thought that possibly this viscous shear
dissipation of energy accounted for the linear Q term in the
relationship computed.

A more complete analysis of this problem

would be necessary to make any definite statements, although it
can readily be stated that some amount of pressure flow energy is
dissipated through viscous action.

As was mentioned before, the

specific amount dissipated is difficult to measure.
The action of a regulator can be described as a continuous
conversion of pressure energy of the approaching line to kinetic
energy of mean flow in the restricted cylindrical orifice, then
to turbulent kinetic energy after the flow leaves the seat, and
finally to heat through viscous dissipation in the regulator body.
As water flows through an orifice plate located in a pipe line,
the pressure energy of the approaching stream is converted mostly
to kinetic energy of mean flow and only a slight amount is converted into turbulent kinetic energy which in turn is dissipated.
An examination of the stream lines of flow through an orifice

27

shows that practically all momentum and velocity vectors are
directed in a common direction with only a slight degree of swirling at the fluid boundary upon leaving the orifice.

The major

pressure drop across the orifice is caused by the conversion of
pressure energy to kinetic energy of mean flow.

Kinetic energy

of mean flow is restored to flow pressure energy downstream after
the orifice.
An examination of the stream lines of flow through a regulator
of the simulated type shows that the momentum and velocity vectors
are arranged in a random manner as the flow comes off the seat.
In other words, a significant portion of the kinetic energy of
mean flow is converted to turbulent kinetic energy, which is dissipated through viscous action into heat as suggested before.
Rouse (8) states that under no circumstances can energy of turbulence
be restored to mean motion.
Examination of the computed equations over the range of regulation shows that at high settings of the seat opening, when the
orifice area is large, the squared power of flow rate is almost
negligible.

This is as expected, since at the point where h = d/4

no restriction of flow is present, so no energy is dissipated in
this manner.

Testing out the prediction of Beard (1) showed that

at points where h was greater than d/4 there still was a small
pressure drop of 3 to 4 psi.

At these high settings of h the

pressure drop depends heavily on the linear flow rate term.

Only

the turbulence that is caused by the water jet impinging against
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the seat can be suggested as being the dissipating action.

Of

course, the inaccuracy of the gages used for these low range readings does not permit a definite investigation of the settings
around h = d/4.
In the first part of this discussion, the portion of the characteristic curves above the flow of 10 gpm was disregarded.

Each

curve can be seen to plateau and progress almost linearly to the
point where the maximum flow of approximately 12.5 gpm is reached.
This phenomenon is somewhat hard to explain since no definite reasoning can describe this occurance.

At high flow rates and small seat

openings it appeared that slight cavitation or separation was occurring at the periphery of the circular seat.

This was noticed only

by visual examination, and not by any indicative changes of the
pressures across the seat.

At higher settings of the seat opening

this phenomenon was not noticed, but still a definite leveling off
takes place.
The curves could not be extended further than 12 to 13 gpm
due to the limitation of the apparatus.

It is thought that this

leveling off point is merely an inflection in the relationship of
pressure drop to flow.

The curves are expected to progress upward

after this inflection according to the relationship expected for
restricted flow.

If the curve remained horizontal, after the

leveling off point, this would mean that any large value of flow
up to an infinite value could be pushed through the particular
orifice area with no increase in upstream pressure.

This does

not follow any basic reasoning so it can be stated that the
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curves must progress upward as mentioned before.

If higher flows

could have been reached, further investigation of this portion of
the curve could have been made.
The definite critical pressure points are reached around 10
gpm in each curve.

An investigation of the Reynolds numbers at

these points yielded no definite relation to explain this leveling
off phenomenon.

The range of Reynolds numbers for this test

varied from 100,000 to 1,000,000.

These high Reynolds numbers

indicate high turbulence which might incur certain phenomena in
the relationship to cause a critical point in the pressure drop.
This phenomenon seems to indicate that there is a definite
limiting differential pressure for each setting of the seat opening of this regulator.

Figure 6 shows that the critical pressure

drop occurs in each curve at a constant flow of approximately 10
gpm.

This indicates that the point where the critical pressure

drop occurs depends only on pressure drop and seat opening.

The

relationship of the point in each curve where this differential
pressure occurs to seat opening is shown in Figure 7.

A computer

analysis programmed for this set of data yielded an equation which
can be used to predict this limiting differential pressure for any
setting of the seat opening.
set of data is:

The equation printed out for this
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The results of the pressure profiles taken across the circular seat a re as shown in Figure 8.

All profiles regardless of

inlet pressure reduce to 20 psig, which was the setting of the
downstream pressure .

These profiles are similar to pressure pro-

files recorded for flow through a no zz le.

At the point of lowest

pressure where maximum contraction occurs, the max imum amount o f
pressure energy is converted to kinetic energy of mean flow.
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Since the pressure reduced t o 20 psig for all curves of
Figure 8, a determination of the effect of downstre am pressure
was made.

Varying downstream back pressu re from the 20 psig reading

changed all o ther read ings a corresponding amount in the same
direction.

In other words, the curves remained basically the

same except they were displaced over their entire range an amount
corresponding to the c hange in downstream pressure.

Reducing

32

downstream pressure to 10 psig resulted in the shifting of the
curve so as to have its low pressure readings at 10 psig.

The

setting of downstream pressure governed the value of Pc and Pd
throughout all settings.

At no time during this test did pres-

sures, as located across the seat and shown in Figure 8 vary
drastically from the value of downstream pressure.

Of course, it

must be mentioned here that the accuracy of this statement is
governed by the accuracy of the gages used.
Variation of the seat opening had a less significant effect
on the pressure profiles across the regulator seat.

The previously

mentioned facts state that if the downstream pressure is set at a
constant value, the lower end of the pressure profile is also set
at the same constant value.

Therefore, for a set downstream pres-

sure, varying the seat opening only affects the left-hand side of
the profiles.

Small seat openings raised values of the left-hand

pressure positions and in turn the large values of seat openings
lowered the pressure on this side of the profile.

The right-hand

side of the profiles remained at the constant set value of downstream pressure while varying the seat opening.
The seat characteristic curve is as shown in Figure 9.

It

is seen that this type of regulator yields a linear relationship
which is considered the most desirable by regulator manufactures.
The data points of this plot are somewhat scattered, however, a
good curve fit to this data indicates linear response.

This type

of response promotes good control of pressure from the nearly
closed to the full open position.
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CONCLUSIONS

The following conclusions can be made by merit of the preceding analysis:
1.

Flow through the type of regulator simulated does not
exactly follow the restricted flow equation it was
expected to follow.

2.

It is assumed that a portion of the energy that is dissipated is lost as a result of the high turbulence in
the regulator body.

3.

A definite critical point or limiting differential pressure is found in each of the characteristic curves of
pressure drop through the regulator versus flow through
the regulator, Figure 6.

4.

A definite relationship exists between the limiting differential pressure and the seat opening, Figure 7.

5.

The lower pressures of the pressure distribution across
the regulator seat are equal in value to the setting of
downstream pressure, and do not vary with changes in
the seat opening, Figure 8.

6.

The response of flow through the regulator to changes
in the seat opening appears to be linear, Figure 9.
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NOMENCLATURE
Q = Flow rate (gpm)
d = Diameter of inlet stem (inches)
A = Orifice area (inches) 2
.6-P = (P
h

1

- P3)

(psig)

Seat opening (inches)

p = Pressure (psig)

p

= Fluid mass density

gc = Dimensional constant
gz = Acceleration of gravity at height

z
u
.6. p c

z

= Height above datum

Velocity in direction of flow
(Pl - P3)c = critical pressure drop
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